The metal-graphene contact resistance is a technological bottleneck for the realization of viable graphene based electronics. We report a useful model to find the gate tunable components of this resistance determined by the sequential tunneling of carriers between the 3D-metal and 2D-graphene underneath followed by Klein tunneling to the graphene in the channel. Red arrows suggest the current crowding effect near to the contact edge.
Introduction
While graphene has emerged as a promising material for future electronic devices thanks to its unique electronic properties, the metal-graphene contact resistance (R c ) remains a limiting factor for graphene-based electronic devices. 1 In particular, for high frequency electronics it is an issue very much influencing figures of merit like the maximum frequency of oscillation, the cutoff frequency, or the intrinsic gain. 2 Therefore it is neccesary to understand the intrinsic and extrinsic factors determining R c , which displays a strong variation depending on the metal contact and fabrication procedure details. [3] [4] [5] To gain understanding of these factors so that a better control of the contact's technology is feasible, a comprehensive physics based model of R c is an absolute requirement. One relevant model was already proposed by Xia et al. 6 to describe the transport in metal-graphene junctions as two sequential tunneling process from the metal to graphene over an effective transfer length (L T ), followed by injection to the graphene channel (see Fig. 1a ). However, there is an important ingredient determining R c namely, the transmission from a 3D system (metal) to a 2D system (graphene), that has so far not been taken into account properly there in a physics basis. Evidence of the current crowding effect over L T has been reported by Sundaram et al. using photocurrent spectroscopy. 7 In order to improve the current understanding, we have considered the issue of the carriers transmission between materials of different dimensionality. Specifically, we have developed a physics-based model where the first process is responsible for the resistance between the metal and the graphene underneath (R mg ) and the second process includes the resistance due to a potential step across the junction formed between the graphene under the metal and the graphene channel (R gg ). The total contact resistance is then the series combination of both contributions, R c = R mg + R gg , accounting for any current crowding effect near the contact edge. The calculation of R mg and R gg are based on the Bardeen Transfer Hamiltonian (BTH) method 8, 9 and the Landauer approach, 10 respectively. The BTH method allows us to get information about the matrix elements for the transition between 3D-metal and 2D-graphene states and combined with Fermi's golden rule, yields a compact expression for the specific contact resistivity ρ c . On the other hand, the Landauer approach allows to get the conductance of carriers across the potential step between the graphene under the metal and the graphene in the channel, where the angular dependence transmission of Dirac fermions and the effective length of the potential have been taken into account.
To model R c we have considered it as a building block of a FET device, so its value will strongly depend on the applied gate voltage.
Methods Electrostatics
In this paper we start with the graphene electrostatics. We considered a three terminal graphene FET (GFET) device controlled by a global back-gate voltage (V g ) as sketched in Fig. 1a , although it could be easily adapted to a device with both top-and back-gates as we will show later on. We split the electrostatic problem by considering two 1D heterostructures, namely, the Metal/Graphene/Oxide/Semiconductor (MGOS) and Graphene/Oxide/Semiconductor (GOS) het-erostructures in the contact and channel regions, respectively. In Fig. 1b the corresponding band diagram of the MGOS heterostructure has been shown. In each of these regions we model the gate voltage dependence of the graphene Fermi level relative to its Dirac energy, namely ∆E m and ∆E g for the graphene under the metal and graphene in the channel, respectively. The energy potential loops at the encircled interfaces in Fig. 1b together with the Gauss's law are considered, resulting in Eqs. 1a-c. Because of the charge transfer between the metal and graphene, a dipole layer of size d 1 inside the equilibrium separation distance d eq is set up. 11 Also a difference eV between the metal and the graphene Fermi level in the contact region, supplied by the drain terminal, has been assumed. The work-functions of the metal and graphene are W m and W g , respectively.
In Eq. 1a, the term ∆ d is the potential drop in the dipole layer which can be expressed as
where ∆ tr corresponds to the charge transfer and ∆ ch to chemical potential interaction describing the short range interaction from the overlap of the metal and graphene wavefunctions. 11, 12 In Eq. 1b, the back-gate voltage V g is referred to the source metal electrode potential, W sc = χ + E g − φ A is the semiconductor work-function and φ s is the semiconductor surface potential. In Eq. 1c, Q m = −C d ∆ tr describes the charge per unit area induced in the 
where a = e 2 /πh 2 v 2 f , with v f (∼ 1 × 10 8 cm/s) the Fermi velocity, and
represents the Dirac gate voltage required to achieve ∆E m = 0 and defines the back-gate voltage value for which ρ c and the resistance R mg become maximum, as we will see later.
Because the dipole layer has been modeled as an insulator, the channel region electrostatics under the influence of both top-and back-gates can be described in a similar way as presented in Eqs. 1, so the Fermi level shift in the channel (∆E g ) can be obtained from:
with
In the last equations, C b(t) and V b(t) are the back (top)-capacitance and gate voltage, respectively. The new Dirac voltage V gD must be understood as the back-gate voltage needed to achieve ∆E g = 0 at a fixed top-gate voltage V t . When there is only a back-gate, like in our experimental devices, we can get ∆E g for the GOS structure simply setting C t → 0.
With the electrostatic model given by the above equations, the key quantities ∆E m and ∆E g could be determined, which in turn are needed to calculate the contact resistance. Fig. 2 Table I . Because of charge transfer between the graphene underneath the metal and the graphene in the channel, a potential step of effective length λ arises at the contact edge. An sketch of that potential step is illustrated in Fig. 2 . Once we get the electrostatic model, we are now ready to discuss how to model the contact resistance. Resistance R mg and resistivity
The procedure to model R mg is based on the Transmission Line Method, [15] [16] [17] which in turn requires determination of ρ c , namely:
where ρ c (∆E m ) = (dJ/dV ) −1 | V =0 represents the specific contact resistivity, R m sh (250Ω/ in this work) is the graphene sheet resistance under the metal, L T = ρ c /R m sh is the characteristic length over which current injection occurs between the metal and the graphene layer (transfer length), and L c (W ) is the length (width) of the contact. Here, ρ c is calculated by means of the BTH method, which allows us to split the metal-graphene system into separate metal and graphene subsystems with known Hamiltonians. In the framework of the BTH method, the probability of elastic tunneling is calculated using Fermi's golden rule. This gives a quantitative estimate of the coupling between the metal and graphene states, so it is possible to get an analytical formula with key parameters for ρ c as a function of ∆E m . In the Supplementary data we show how to calculate ρ c from the tunneling current density J using the BTH approach. The resulting compact analytical expression for ρ c as a function of ∆E m under the metal at V = 0, for a given temperature T can be written as:
where γ = m/m 0 , with m and m 0 the effective electron mass in the metal and dipole layer, respectively. The factor κ is the electron decay constant in the dipole layer and has the form 2mφ /h 2 + k 2 , 13 where φ ∼ W m has been taken as the barrier height and k is the parallel momentum at the K or K points (i.e., 4π/3a). For a typical metal the work-function is W m ∼ 5eV so κ ∼ 20nm −1 . As a consequence E =h 2 k 2 /2m ∼ 11eV and E κ =h 2 κ 2 /2m ∼ 16eV. From Eq.
?? we can infer that the maximum value of ρ c depends exponentially on the equilibrium separation distance d eq and that the maximum resistivity is located at V D (∆E m = 0). Fig. 3 shows ρ c at T = 300K as a function of the back-gate bias overdrive (V g −V D ) considering different metals.
After sorting the metals by their peak contact resistivity, it appears that d eq is the main factor con- trolling it, being the Ni contact the best option, followed by Ti. Here we have assumed SiO 2 as the insulator with T ox = 90nm and equal effective masses for every metal. According to Ni, Ti and Pd. Although the Ni happens to be the best option to get the lowest R c , other effects that contribute to the lateral resistance must be considered. As a matter of fact, R c for Ni can become comparable to that of Pd, as we will show later. Our model predicts how ρ c depends on factors like the workfunction difference, the equilbrium distance, the chemical interaction potential, the gate capacitance and the temperature.
Resistance R gg Next, we model the lateral contact resistance R gg across a potential step with effective length λ (see inset of Fig. 2 ) relying on the Landauer approach. The potential along the transport direction x can be described by a simple space-dependent Fermi level shift: 10 
where we have considered that the metal electrode cover the left half-plane (x < 0). The type (n or p) and density of carriers in both left and right half-planes are tuned by the back-gate. The important quantity to be determined is the reflection probability of Dirac fermions across the potential step, which has been derived by Cayssol et al., 10 namely:
where the momenta
x , with ρ, σ = ±1. The longitudinal momentum k x is related to the transversal momentum k y by the phytagorean relationship
where the positive (negative) sign indicates that the doping is p (n) type.
By means of the Landauer formula the conductance can be obtained from:
where T step = 1 − R step is the transmission probability and k F = min |∆E m | , ∆E g /hv f . Fig. 4a shows the transmission probability of the Dirac fermions across the potential step as a function of V g for different incidence angles assuming Pd as the metal. In particular, it indicates the absence of backscattering at normal incidence (k 
Results and discussion
Until now, in the description of our model, we have not taken into account any broadening to the graphene states in the R c model. To get a more realistic model, an effective broadening describing the coupling between the metal and the quasi-bounded graphene states underneath and/or the spatial variations of the graphene-metal distance in the contact surface, 11 must be taken into account.
This effect can be considered upon application of a Gaussian function G 1 of width t 1 (broadening energy). In addition, we have included the random disorder potential in the graphene channel using a Gaussian function G 2 of width t 2 =hv f √ 2πn 0 where n 0 is the minimum sheet carrier concentration. Then, the two components of R c have to be recalculated as shown in Eqs. S16-17 of the Supplementary data.
In Fig. 4b we show the effect of t 1 on R gg when it varies from 100 to 300 meV with t 2 ∼ 100meV (n 0 = 5 × 10 11 cm −2 ). R gg exhibits a main peak corresponding to the minimum DOS in the channel (∆E g = 0 or equivalently V g −V gD = 0) and another secondary peak corresponding to the minimum DOS in the graphene under the metal (∆E m = 0 or equivalently V g − V gD ∼ 23 V).
According to the experimental data reported by Xia et al. 6 for Pd as metal electrode, the latter peak does not appear in the R c curve, suggesting a large t 1 (> 300 meV) value as reflected in Fig. 4b .
As a complementary information, the dependence of R gg on the effective length λ of the potential step between the metal-doped graphene and the gate-controlled graphene channel is presented in Fig. 4c . For unipolar juntions, R gg is almost independent of λ while for the bipolar pn junction it moderately increases as λ changes from 2 to 128 nm.
After presentation of the R c model, next is benchmarking it against experimental measurements in graphene FETs using the transfer length method (TLM) for metal electrodes such as Palladium (Pd), Nickel (Ni) and Titanium (Ti) as shown below.
In Fig. 5 we have plotted the data reported by Xia et al. considering Pd as metal electrode.
Here the graphene sheet was transferred to SiO 2 of 90 nm thickness. Our model reveals that R mg and R gg play a similar role. The absence of a peak in the experimental R c data at V g ∼ 46V suggests a large value of t 1 , as it has previously been discussed. To match the experimental data we have assumed Q 0 /e = −5.4 × 10 12 cm −2 , t 1 = 300meV, t 2 = 100meV and λ = 100nm. Interestingly we capture the correct value of the Dirac voltage at V gD ∼ 23V and the moderate asymmetry between the left and right branches: being R c lower for the left branch because of the much better carrier transmission of the unipolar pp junction as compared with the bipolar pn junction (see Fig. 4a ).
Next, we compare with experimental data of GFETs with Ni as metal electrode (Fig. 6 ). In this case, the back-gated graphene transistors have been fabricated by photolithography on Si wafers After some electrical measurements, we report in Fig. 6a the comparison between the experimental data and the usual model of the source to drain resistance R T given by: 21
Here, the channel sheet resistance R ch sh has been modeled as R ch sh = µe n 2 0 + n(V g ) 2
−1
, with µ = 1793cm 2 V −1 s −1 and n 0 = 5 × 10 11 cm −2 which were extracted from the experiment, and n ∝ ∆E 2 g is the charge sheet concentration in the graphene channel region. In this case we have this work) is considered, the latter peak could disappear.
We have also found that R gg is sensitive to the effective length (λ ) of the junction potential step, specially when a bipolar pn junction builds up. Depending on the metal electrode and the chemical doping of the graphene channel the two components of R c could be either similar in magnitude or of very different order. In particular for Pd those two components compete, but for Ni and Ti the lateral resistance is the dominant component.
Our model is in agreement with experimental data for several metals under test. In particular,
we have benchmarked the model against experiments using Pd, Ti, and Ni. The proposed model unveils the interplay between different intrinsic and extrinsic factors in determining the contact resistance of graphene-based electronic devices, which should be useful for its optimization.
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Calculation of the specific contact resistivity
In this section we derive the analytical expression for the specific contact resistivity of the MetalGraphene junction given by Eq. (5) of the main text, relying on the BTH approach. The starting point is the expression for the tunneling current
where both the subscripts g and m label the states in the graphene and metal electrodes with energies E g and E m , respectively, g S is the electron spin degeneracy, g V is the valley degeneracy, and Γ gm and Γ mg refer to the tunneling rates for electrons moving from g → m and m → g, respec-
tively. Finally, f g and f m are the Fermi occupation factors for the electrons.The tunneling rates are
given by the Fermi's golden rule as
where
are the matrix elements for the transition, with m 0 the electron mass in the dipole layer. The terms Ψ g (r, z) and Ψ m (r, z) represent the graphene and metal electron wavefunctions, respectively.
Then, inserting Eq. (??) into Eq. (??), the tunneling current can be expressed as
Considering the graphene with two identical atoms per unit cell, labeled 1 and 2, the wavefunction for wavevector k can be written in terms of the basis functions Φ jk ( j = 1, 2) on each
The basis functions have Bloch form,
A, where u jk g (r, z) is a periodic function and A refers to the contact area. These periodic functions are localized around the basis atoms (i.e., as 2p z orbitals) of the graphene , and u jk g (r, z) is expected to vary only weakly along the radial coordinate r in the graphene. Thus, we assume that u jk g (r, z) = f jk g (r) g(z) and we approximate the radiallydependent term f jk g (r) as numerical constants f 1 and f 2 . 13 The z-dependence has the usual decaying form g(z) = √ κe −κz , where κ is the decay constant of the wavefunction in the barrier. The decay constant κ has the form 2mφ /h 2 + k 2 , 13 where φ ∼ W m is the barrier height in the dipolar layer and k is the parallel momentum. For graphene, the latter term is essentially equal to the momentum at the K or K' points (i.e., 4π/3a) so that κ ∼ 20nm −1 for W m ∼ 5eV.
Both χ 1 (k g ) and χ 2 (k g ) have well-known values for graphene in a nearest-neighbor tightbinding approximation, 26
where α is the angle of the relative wavevector, the upper sign is for the band extreme at the K point of the Brillouin zone and the lower sign is for the K' point, with s = +1 for the conduction band (CB) and -1 for the valence band (VB). On the other hand, the metal electrons can be modeled as free incident and reflected particles for z ≥ d and with a decaying exponential for z < d, namely
where t and r are the amplitudes of the transmitted and reflected waves, respectively. As usual, the matching conditions Ψ m (r, z) | z=d − = Ψ(r, z)| z=d + and m
have to be fulfilled, resulting in t = 2k z / (k z + iκm/m 0 ). Thus, the matrix elements for the transitions of Eq. ?? can be written as
where we have defined
The integral on the right-hand side of Eq. ??
Incorporating Eq. ?? into Eq.
??, we get the following expression for the current
The delta Dirac function guarantees that only energy-conserving tunneling processes are possible. From the Fig. (8a) we observe that k g = k + q, with k constant and thus
, where | f 1 | 2 is a constant of order unity assumed to have no dependence on k g .
In deriving Eq. ?? we have incorporated both the graphene and metal dispersion relations,
, which we have sketched in Fig. (8b) for convenience and k 2 g = k 2 + q 2 − 2qk cos α. Considering Eq. ?? in the limit of large A, k g = k m = k, and then the equation for the tunneling current becomes
where we have defined the function ω (k z ) = k 2 z / k 2 z + (mκ/m 0 ) 2 . The discrete sums over q and k z are converted to integrals using the recipes ∑ q → A/(2π) 2˜d αqdq and ∑ k z → L/2π´dk z .
After some algebra, the tunnel current density becomes
where η (κ) = The energy difference appearing in the delta-function can be written as,
where k * 2 z = q 2 + 2q ξ − k cos α + k 2 − k 2 D with ξ = mv f /h,k 
whereR mg andR gg are given by Eqs. (4) and (9) of the main text and the Gauss function is
Ni-Graphene junction Ti-Graphene junction Important value here is V gD ∼ 75V defining the crossover between bipolar pn-junction/unipolar nn-junction. The electrical parameters for this simulation have been mentioned in the main text.
On the other hand, the Fig. 10b shows the transmission probability of the Dirac fermions across the potential step for different incidence angles. 
